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]’assivc microwave Icchnic]ucs for scnsi[lg [hc cwlh’s at mosphcrc  provi(ic  powcrfu] t mls for
Lll](lcl”sl:ill(li]]g  and monitoring its dynamim. ‘1’hcsc Icchnicjucs cxp]oit  lhc micrc)wavc  and
]llillil]lctcl.-l~~  :lvc. c]llissiolls  of :ltlll(~sj>l]cricc  ollstitllc]]ls. ‘1’uning a scmsitivc  raclio rcccivcr, Icrmcd
a radiomdcr,  to these emissions allows tbc atmosphere to bc probed remote.ly from sate.llitcs,
airplanes , :mcl tllc Cw’lh’s  Sill’face. Micmwavc radiometers can sc.nsc  water vapor,  :Itmosphcric
tcnlpcra[urc  pmfilc, clod licluid, and trace cmmnt rations of many at mosphcric  gases.

Micmwavc  radiometers have applications in many arms: weather prcclictim,  pollution
forcc:lstil)g, aviation, climatology, spacccl’aft  tracking, gcocicsy, and atmospheric chemistry. lkmr
specific applications for low-cmsl  commercial radiometer systems am cxplod  ill this paper.
M iCl”OW21VC  tClll})Cl”dlll”C  ]WOfl]CIX  (h4’]’1’s)  can pIWi(iC  I“Cd-ti  mc dCtCCtiOJ)  Of tClllpCMtU~C  invcl’sions
llMI1 trap automobi]c  cmissims  an(i industrial pollution near Ihc grouncl. “1’i mc] y, accurat  c predict ion
of wcalhcr comiiticms  Cxmdllcivc  to creating high pollution Icvcls hm significant valm in mitigat in.g
po] 1 U[ ion IIaz,mls. Water vapoJ”  r:idio]nctcrs  (Wvl-?s)  can measure t]lc lot  a] at mosphcric  wat  cl’ burden

(c.:. ,watcr vdpor  and cloud liquid) which could cnkmcc  wc:ithcr  predictions an(i rain forecasts.
IIotil h4rJ’1’s an(i WVRS coulci  suppml  fuicral cffor[s to vali(iatc ami improve the performance of
glob:Il  climate mmicls. Critical climatic mcmurcmcnt ncc(is incluclc  nlcasurcmcnl  of horinmt:d
(iist ribut  ion of botb clomi lic]uici  an(i water vapor. IJinaliy, :li]j>(~r[-[>:lsc(i  rwiiomctcrs  cxm](i bc IISCCi
toprc(iict  :~ircr:if[  icil~gc()l](iitio~~  sl~y(ictc.ctiI]  gc. loll(isbc  .z\lillgsLl  j>c.rc.oolcfili(  ]tli(l, Gmund-bascci

rwiiomc.tcr  (ictcmninations  of the tcmpcratum  pwfilc an(i amount  of c]ouci  ]iqui{i  coup]cci  w i t h
cciic~lllc.tcr(~  rI:icitirCl  ctc.rlllillatiollsof  c.lotlCillc.igl]t  ;til(~wi(lc]ltificatio]l  of sLl13-frcc7,itlgcloLl(i  liqui(i.

Widcsprcwi application of]:l(lio]llctliclc  I]lotcsc]  lsi]lgsys [cl]lsl~:lsbccll  rcstriclcci bycmts.
l’lll]l]l>c(i-w:lvcglli(ic  raciiomctcr  systems for monitoring water vapor, cloLIci  liquid, or tcmpcraturc
profiles cost bctwccn  $ 120K anti $500K cicpcmiing  on ti]c specific application. It is bc.]icvc(i that
significant price rcduclicms can bc achicvcxi  tbrougb  mass pro(iuction,  :i]~]~lic:iti[~  ]l-sj~ccific  ricsigns,
aIKi usc of monolithic or hybrici  microwave integrate.(i circuit (MM iC ami MiC) tcchno]ogy.  l{cccnt
a(iv:incc,s  in M IC tcchnologic,s  promise to miucc prociuction  cos[s by allowing miiomdcrs  to bc
ctckxi  on an intcgratcci c i rcui t . Convcrsim  to MIC will a]so Iuiucc  ti]c six ami p o w e r
Icqu i rcmcnts  t iw.rcb y lowering costs of t hc associ [Itc(i  power, :intcnna pointing, ami tcmpc.rat urc
rcguldion  subsys[cms. It is also anticipated that tbc compact size. and  rcciLIccci pmvcr  consumption
wi 1 i Iran slate  i 1110 improvccl tc.nlpcrat  urc. cent ml which wi ii incrcmc, r:i(iiomctc.r  stability.
l’rcliminary stmiics imiic:itc  that systcm cost rc(iuc[ions ranging from a factor of tbrcc to cigbt :ippcar
fcasibk with mi nimai dcvciopmc.nt  costs. Wc bclicvc  tbcsc cost rductions  will stimulate
wi(icspnxi  co]lll]]cl.ci:ili7:itioI)  of miiomclric  atnmsphcric  remote sensing.
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At mosphcrjc  ra(liomctm  hnvc bcc.n primaril  y dcvdopcd  m research tools. Racliomctcrs  currcnll  y
f] y on satc]litcs mcaslwjng almosphc.ric  tcmpcmt um, polar ozmc, water vapor, stratospheric chlorjnc,
ad C1OUCI  I iquid, Grmnd-b:ise.cl  racli  CMnctc.rs arc bci ng c.mp]oycd  for Ic.search on cl i mat c, wc.at her,
s:ltclli[c co]~ll~lllllicatiolls,”  astrophysics, atld aviation safety, l)Llc  [0 lhcsc activjtics,  radiomctric
(cchniqucs arc we.]] (icvclopcci  aIKi the il]slrlllllc.llt:ttioll  i s  m a t u r e . Mnny  CLlfTC1lt  LISCS  ]MVC

commercial value. }Iowcvcr, the widespread application of radiomctric  hxhnology  has been
rcs[ric[cd by rest. ‘J’his  could clmgc; with clcvc]opmcnt  of a commercial market for microwave
dcviccs  aIId intcgraticm of microwave circuit technology, thcm is potcnti:tl for significant cost
rcduclim.

I’his jl:l]lcli lltc]]dsl o]}rovi(lcall  ovclvicwof atlllos]>}lcricla(  liolllctlyalld  potential commcrcid
markc[ s. liirs[, is a tcq-level analysis of how atmosphmic  radiometry is LIscct to mcasLIrc  the

atmosphcm.  ‘1’his is followccl by a gcncml  dcscriptim  of radiomdcr  design ancl strategies for
achieving fdurccosl  rcduc[ion.  ](inally, (discussion will ccnhxon  foLlr:t])])licali[)]ls  with cxm)mcrcial
Valllc.

RAlllOMt  H’RIC RliMO’1’li  SliNSING Ol; Tllti Ar1’N40SPlll  H{Ii

‘1 ‘he. almosphcrc  emits (and absorbs) a cmt i nuom spcc(rm  of microwave d mi11 imctcr-wave
radiation  [1]. As illustratc(i by l~igurc 1, troposphcrjc  absorption spectra :irc~lc~l)lil~:ltc(l  by broad,
d iscrccl,  wa[cr vapor and ox ygcII spcchal ]incs supcrjmposcd  upon a continuum, Al [bough  the 22
(i] IY waler vapor line and 60 G1 IY, ox ygcn b:md :Irc the rcsu]t of diffcml[  proccsscs, they arc botb
pri Inari 1 y broadened by molcculw  co] I isions [ 1]. C:OII(  inuum cmi ssions arc prod ucccl by water vapor,
]i(]llid  W:IICI’ (c]olldS),  WI(] 10a  ]C.SSCI’  CXICIII,  I1 1O]C C1 I]W ’ oxygen [ ] ],

‘1’hc 2 2 . 2  G117,  e m i s s i o n s  o f
atmosplmjc  wa(cr vapor m routinely
LISCX1 for remote. sensing. Weakness of this
spcc[ml  1 i m and minor cent ribul ions from
other radiative. sources makes it a popular

c.hoicc  f o r  many rcmo(c s e n s i n g
appl i cat ions. Mcasurcmcn(  of w21 cd”  vapor

e m i s s i o n s  can bc used 10 dc.tcminc  the

COlllnlllal’ abllndancc  of Watcl v a p o r .
Continuum cmissjons from clod liquid
:Irc bl’oa(lballd  an(t arc thcl”cfol’c  llsually
sensed illcitllc.l’  tl)c30t 038 Cil17,0185to
loo~lll~,  sj~c.c(rtilwj  l~(lows.” Mc.asurcmcnt
in these spcctrd  windows minimi7cs
coll(:lll]ill:itic)l)  from other sources of

Atmmplmic  SpCCtra  ~/.~ni[t1)
‘1’ypiml  h~idla[itudc  Summer

emissions. l{:l(liolllclrjc  ]]lcasl]rclllcl]  lsof ]~jgtlrc j. 7)pic{il midlo[ilude  summer (itmo.vpheric
c]oud liquid nllows the columnar liquid ,yccls(i  for (i) no wi[cr wiper, b) {i hujtlid d{i.y, mlci
control of a cloud to bc dctcrmincct.  III C)O llt4ttli{Iotl(lclo[4cl))  dqy.
fad, rdiomctry  is the only tcclmiquc  thal



can dc.[crmim  a cloud’s total liquid Cmtcn[.  (Radar cchocs  arc bct[cr corrc]atc(i  with drop sim atl(i
shape thaII total liquid content.) Additionally, radiometry is the only tcchnirjuc  :ib]c  to accuratc]y
scmsc  vapor along an arbi[rary 1 i tm.-of-sigh( dLIri IIg cloudy wcat her. 1 lmvcvcr radiometry can not  bc
uscxl to rdricvc  cilhcr c]ou(i  altilmic or higil-resolution vapor profiics. in Cent I’ast to the Weak
cmissjons  of watct”,  the 60 G] IY, oxygen batd  is s(rong or optically ti)ick. As wi]i bc (iiscusscd,  this
makes this spectral band uscfu] for measuring atmospheric Icmpcraturc  profiics,

‘1’hc intensity of microwave or ll~iliilllctcr-~i~:ivc  energy cmit(cd by an atmospheric gas can bc
quantific(i  in tc.rms of a brightness tcmpcraturc  [2]. A physical itltcrprctation  of the brightness
kmpcrat urc is timt it is the tcmpc.raturc  of a blackbod y that emits the. samcj  intc.nsit  y of racij at ion pcr
unit bandwi(ith as the atmospheric gas being observe.(i. ‘1’his can bc quantified using the Raylcigh-
.lcans :Il)}]loxil)l:ilioll

Tb(v) ~ ~’ I ( v )
2k

(1)

where Yj,(v) is the brightness tc.mpcrat  urc, k is IIoltzmann’s const:int (1.381 x 10-23 J/K), L is tile
miiat  ion wavclcngtil,  atlti  I(v) is the. radi at ion intcnsit  y [2]. ‘1’hc intc.nsit y of lwiiat ion rc.ccivc(i  by
a raciimnctcr  is the. radiation being cmittc(i minus the ra(iiation  being absorbcci intcgratc(i along the
at mosphcric path bci ng vicwd. ‘1’0 calcmlatc  the ra(i i at ion mccivc(i  from an cmi ssion rqjon  ]ocatc(i
a djst ancc so from the observation point, the total mijativc  transfct’ Jwcds  to bc c:l]cl]]:ttcclllsjt)g

$0

7;(v) : Tboe ‘($O) + p(s) t? ‘(S)CI d, > (2)
-o

where the lj,~) is the brightness tcmpcra~urc  of the scwrcc or backgroun[i,  l(s) is the tcmpcraturc of
intc.rvcning  muiia  at (iislancc  ,Y, and T (,$) js the. optjca] depth at dis[ancc s [2]. ‘1’hc first Icrlm
rcprcscnts  the smrcc  and the second  term rcprcscnts  the in[crvcning  media, insight CaII bc gained
by examining this inlcgral  cxprcssim at ti]c two limits of opacity. l;irst wc simplify the expression
by assumil~g  that the atmosphere is at a com[anl tcmpcraturc,  1’(,!) = 7’. ‘1’his allows tcmpcraturc, 1:
to bc a multip]icativc  factor for lhc. integral expression. ];or an optically lhitl atmosphere [2],

in tilis case the brightness tcmpcr:tt  urc is jLlst the. physical tcmpcratmc times the opacity or optical
dcp[h.  Since the op[ica] (icpth is proportional to the conccntraticm  of the :t13sol13illg/cl]lit[illg  gas,
then tllc brjghtncss tcmpcraturc  is proportional to the line-of-sight gas content wcightc(i by its
pllysicill tclllpc.raturc.. III contrast, an optic.aliy  thick atmospimc.  yicl(is 12]

‘Ilus, the brigiltnc.ss  tcmpcraturc of atl optically thick gas is simply the mc(iizi’s  physical tcmpcraturc.

(iivcn a sufficicnt]y  accurate cicscription of the mctcorologicai  conditions, the atmosphcrjc
OpdCity  (M” CtHiSSiO1l  Spcctrllm can bc Ca]cu]atc(i,  III contrast, the So]lt[ion to the inverse prob]cm is
not unique. 1 hnission  mcasurcmcnts at a ]imitc(i  number of frcqucncics  will not aliow the varjous



al mosphcric  parameters to bc uniqud y cictcrmiaccl,  ln(crprctat  ion of the. radiome.tric.  measurcmmts
usua]ly rccluircs that some atmospheric patwnc(crs  bc estimated. l+kw cxamp]c,  c]ouci and vapor
sensing using  a ciual-frcclucncy W’atc.r vat>ol.  r:i(iiolllctcr rcquircstha(  the atlllosJ311cric  tclll13crtitllrc
bccs(inudc,(i.  "J'llccffcct of:illcstilllatc(iJ >:lr:tlllctcro lltllcr c(ric\~:lla ccllr:tcyc:illl  Jclc(iLlcc(iv~  j{lltllc
~u(iicious  chojcc.  of miiomctric  frc.qucncjcs, A (ictailc(i  cicscriptjcm  of v:trious techniques USCCI to
rctricvc. atmospheric watcrvaporami  clomi liquid from mcasurcmcnts  of brightness tcmpcraturcs
is13cy(~l]d tl)cscolJc oft}lis:llIiclc; ll()wcvcli tisv`cll(  locLllllctltcj(  ii Iltllcte  .cllllic:tllilc  r:\tllrc[3,4],

(ll~tic:illy  tl~illrcgiolls oftl~ctltl~~os]~llcrics  ~>ccttllIll:i  lctlsc(itosc  l~sc:\tIl  ~osl>l~cricw~:it cr. “1’hus
I.a(i iwnct  ric mcasurcmcnts  furnish [i signai  proportional t o the at nmsphcric  opacit  y t i mcs t hc ph ysical
Iclnpcraturc. 'l`llcfil"st  stciJill rcllicvjl]gw:ttcrv:  i130r:itl(ic  loLl(il  icjlliClf rolllc.lllissiolll  llc:istlrcl~lc.l~ts
is to cs(imatc  a mean atmospheric tcmpcraturc  [3]. ‘1’his js the average vaiuc of the physjcai
tclll]>cj:l(Lllcoft  llc:it I]losl>l]cricw~  titcI\t~l liclll:lt  ~gcsfrc~l  ~~260Kto28  OK. ltc:ll~~lslliilly  l~c.c.stil~l:~tc~i
towithil~  2cZ~tlsitlg  sllrfilcc tclllJJcr:l[Lllcl  llc:is~lrclllcllts. ‘1’hc mean tcmpcraturc aliows the opacity
or atmosphcrjc brightness tcmpcraturc  to bc cdcu]alcd. ‘1’llc:itlllosJ>llcric  brigiltnc.ssjs a sum of
Clllissjollsflolll”  watcrva]>ol.,  liqtli(i  watcr(clcmis),  oxygen, Hmi as(ronomica] SOUICCS. ‘1’orctrjcvc
Cifllcr w:ltcl’  vtil>ol’orcloll(i  lj(ltli(i, collcc(iolls~lec(i  to bcapplic(i  fortllcsc  otllcrctllissjoIl sources.
Corrcdions  for oxygen cmissicms can bc computcci  from gmund-bascci  prcssum mcasurcmcnts I 3].
l;c:ll~l-:lvcr:igil~g  causes most astronomical cmissim somm to bc insignificant when tllc:isllrctl~c.]~ts
arc made wjth a mmicratc bcamwi(ith antenna (0 > 2(’). ‘1’hc S1111 is an cxccption  that llSLld]y

frustrates at[cmpts  to make  ]llc:isl]tc]]lell[s  in i[s direction. ‘1’hc other source ncc(ijng  correction is

[IIC microwave cosmic backgmunci  which will appear as a constm( 2.74 K offset j]] the miiativc
transfer equation 13]. OJIcc these corrccticms  are macic, cloud ]iqui(i can potentially bc dctcminccl
from mcasurcmcn[  at a single frequency. in contrast, water vapor  (ictcrminations  usually require
two t“rcqucncics: onc at the 22 G] 17 waif-x  vapor  spcchal  line WI(1 tlm other at a clmd sensing
fl”cqucncy  ([o provi(ic a correction for liqui(i  emissions). Mcasarcmcnts at ackiitiona]  frcqucncics
arc usc(i to improve the rctricva] accuracy for both watcv vapor ami cloud liquid [3, 4].

‘J’cmpcraturc  profiling cxp]oits  Ihc optjcally  thick emissions of the 60 Gllz  oxygcII  ban(i.  in this
case, tlm Iwjgi]tnc.ss tcmpc.rat  urc. cqtlais  the physical tcmpcraturc,  of the gas [3, 5]. lkw the
a[mosphcrc  which has a varying tcmpcrat  urc slruc[urc, r:id i at ivc t ransfcr through the mccii  um needs
to 1X trcafui.  ‘1’his is rcalizc(i  wi(h a wcighling  func(ion, W(,Y), that dcscribcs  the distribution of
rcccivcd  t ilcrmai  cmi ssion as a fund ion of (iist ancc bctwccn  t hc cmi ssim source and the Id iomct cr.
1 ‘or gIOLIII(i-l):Isc(i  tcmpcralurc  profi] ing, frcclucncjcs  arc chosen with opt ical cicpths comspon(iing
to a distance of a huncircci  meter to scvcra] kilometers. Assuming, for simplicity that atmospheric
opaci(y  is constant with a]titucic,  the, weighting function is cxponc.ntial W(,$) - c-’ [5]. llsjng  the

wcjghtillg  function  formul:ition,  the mcasurc(i  brightness tcmpcraturc  rcduccs  to

j w(s)l’(s)ds

(5)

~ W(s)ds

where ~’(s) is the lcmpcraturc  structure of ‘lhc almosphcrc  with rcspc.ct to altitude, s [ 5]. };or a
tllcdillm  with a ]incar Varjatiml itl tcmpcraturc,  i.c?. ~’(s) -s, Ihc measured brightness tcmpcraturc
equals the at mosphcrjc  ph ysid t cmpcrat urc a[ a (iistancc  of onc opt ical  clcpth,  ,Y,,. ‘1 ‘hat js where t hc



wcigbt ing function  equals  1/e. “J’hcl’cfol”c a kmlpc.ral  llJC  profi IC can bc dcrivui by mcasllri ng
al nmsphcric emissions :11 a series of frcqucncics  each corrcspondj  ng to [ii ffcrcnl opt icdl  dcpt 1]s.
(I1)CC  l]IC. :t\TClll~C  tClll]lC1’:~tLIJC  iS kllOWl)  fOJ’ Cdl O]>tiCd  (iCJ)th  thcll  th(? (ht :1 Ml] bc ill VCJICXi  t o

gc.nmltc  a tcmpcl’at  Llrc pmfl IC.

1 ~or ground-based and airborne applica[  ions the altit mlc rcsolut  ion can bc. cnhmcccl  using  a
[cchniquc dcvclopcd  by 13rLmc Gary [d J]’]. [5]. I IC cxp]oits  the fad that horimnt:il  atmospheric
tcnlpcmturc  gradients arc mom than an order of magnitude smdlcr  than vcr(ical  gradients. Making
I’diomctrjc  mcasllrcmcnts  at IKMEZClli(h  C.]  CN:ltiOl)  ang]cs  :Illows  the, Cffcdivc  :lltitLKIC  cw’rcspmclin~
10 a given optical depth to bc varjcd  1 5]. ‘1’hc cffcctivc  al(it udc for tcmpcrat  urc rctricva] al an
clc.vation  angle. O is just the optical depth at that elevation an~]c pro.jcctcd on~o the vcr(ical axis.
‘1 ‘1111s for opt id depth ,s[, and an ctcvat  ion angle of 0, lhc cffcctivc  alt it mlc ?2[, for (IIC tcmpcraturc
rc[ric.va] is simply h(, = s,,sinO. 1 kw a hori?,cmt  ally st rat ificcl at mosphcrc, the bright ncss t cmpcrat urc
ill elevation allg]c O can bc associated with an c. ffcdivc  altitude. }IC using [S]

T,(O) : 2’(}?.) : T(.Yasin(0)) . (6)

‘1 ‘hc at mosphcric  t cmpcrat urc profi lc can t hc.n bc. construct cd usj ng llll~l(i-flcclllcl~c  y brightness
tcmpcratum measure.mcnts [d a scrjcs  of c]cvation :ing]cs.

RAl)lOMI ;’1’1 H<S

Rndicmc.tcrs  wc scnsit ivc radio rcccjvcrs that gene.mtc an ou(put  volt agc that is l>loj~ollioll:il  to
the power incident at the antenna. A gcmric  block diagram for a tots]-power rdiomctcr  is

iilllS(J’:l~CCt  iJl ];i~LllC  2. ‘J’hc actual implcmc.nt  at ion can employ cit hcr a hctcrdync  or d i reel detect
rcccivcr. Al(lIoLIgh  lhc basic design paramc.tcrs  arc dctcmincd  by spccifk  applications, tbcrc  am
SOIIIC  basic  print.ip]cs undc.rlyi  Jlg rdiomctcr  (icsign.

‘]’}lC  IX)WCJ”  CJllit[C(i by :111  :ltJIK@Cl”iC  &lS iS SiJllJl]y

Pi = k7B , (7)

whc,rc k is 1301tmKmn’s’s  constant, 7’ is the. brightness tcmpcraturc  of lhc gas in Kc]vjn,  and ]; is the

Jncasurcmcnt  bandwidth in hcrly,. ‘1’hc total power n]casurcd by the radiometer is the sys(cm noise
wl]ich is t hc sum of’ the at mosphc.rk and radiomc(cr  noise.. ‘J’hc almosphc,rjc  noise ranges from 7 K
to 300 K dcpcndi~lg  m the at mmphcric opac.it y :itd racliomctc.r  misc. ranges from 1()() to 600 K
depending primarity on the noise figure of the front cn(i amplifier. C.onsefqucntly,  the total power
incident at the radiometer JmasLHd  wjth  a 200 Mllz  b:indwjdth  will rallgc from 0,3 x 10-12 and
2 X 10’]2 watls (or -95 dllm to -87 dllm). ‘J’o mcasllrc the brjghtnc.ss tcmpcraturc.  of a g:is with 0.5
K resolution an(t the s:imc ban(twi(tth rcqujrcs  detecting power diffcrcnccs  of 1.4 x 10-ls watts.

‘1’hc input power levels also dctcrminc the systcJn  gain. ‘1’hc.  l<l; gain and ll; gilin  (if applicab]c)
arc chose.n to match Ihc lincfar region of lhc detector with a t ypjca] vduc being 50 (1}1. J)C gain is
sc.lcctc(i  to ~,cncra(c a voltage that is optimimd  for the chosen analog to cligital  conversion tcchniquc.
‘J’IIc sys[cJn  gain  c a n  t h e n  bc. cxprcsscd  as a propmlionality rc]aticmship  bctwccn  the inci(icn(
alnmsphcric tClllp ClldlJl”  C, 7;1, and lhc radiometer output  vo]tagc, 1~,
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where V,, is proporlicmal to IIlc rcccivcr noise powc.r ad c is the sys[cnl gain [4]. Reasonable values
of systcm gain span from 1 V pcr 10 K to 1 V pcr 300 K. ‘1’hc requisite gain stability is simply ihc
m e a s u r e . m c l l t  :lCCLllXy  divided by (IIC total Sys(cm  Icmpclatlll’c. 1+x. cxamp]c, a 0,5 K noise
tcmpcrat wc accuracy measured wi(b 450 K of radiometer systcm noise (50 K fit mosphcrc  plLIs 400
K r:diomctcr  noise) rccluircs  0.5/450 or 0.1 % gain stability. in otbcr winds a 0.1 !% gain fluctuation
will masclmmdc as a 0.5 K change in the incident atmospheric power.

‘1’hc radiometer mcasurcmmt  prccisicm is limited by fluduations  in measured Ihcmal noise.
‘1’hc m:igllitudc  of these fluctuations  is a functim  of tk total systcm nojsc and CaII bc reduced by
itltcg,ra[in~  over time. ‘lo make a Incmurcmcnt  with A 7;I prccisim  requires an it~tcgra[ion  time, T,

7;2
T=-

A TB2R
(9)

where 7:, is tbc ra(liomctcrs  ystcm  noise [2]. 1 ‘or mcasurcmcn~ of a 260 K at mosphcric  tcmpcrat urc
wi(h 0.2 K prccisicm using 300 K rcccivcr  with a 200 Ml IY, bandwid[h  will require a 40 ms
integration time. A wider bandwidth an(i lower rcccivcr  noise will rcducc  the integration time.

‘1’hc instrumental frequency s(abi]ity rcquircmcnts  arc (ictcrmincd by the structure of the
atmosphc.rjc spectrum and rcqujsitc IIle.:islllclllcllt  accuracy. If mcmurcmcnts  arc being macle  on the
wing of a spcctrd line, then a frequency sbif( towarcls  Ihc spectral pc:ik  will cause an incrcasc in the
measured emissions. Rcquircmcnts  for stability arc usLIally  in the Iangc of 100 kl IY to 100 Ml IZ
dcpmd i ng on the app] i cat im,

‘1’hc primary  tcchnic:il  cldlcngc  in miimndry  is to develop a high gain (> 70 dll) rcccivcr that
is stnb]c to a tcntb of a pcrccnt. ‘1’cmpcrat  urc.-induccd gain ad frcclucncy changes tcncl to limit
radiomc.lcr stability. “1’hcrcforc,  god thermal design and lcmpcra[ urc cent ml is csscnt  ial for
:lCClll’:ltC.  d iOlllCt  riC lllC:lSLllClllCIlt  S. O(lIcI soLIIccs of gain variations incluclc  power supply drifls,
mc.chanical  vibration, and Rl<l;  however Ilmc can bc mini mi~cd wilh good design  practices.



“1’hcm  arc scvcml  tcchtliqlm  for calilmt  ing  ra(iiomctcrs. Gain,  c, can bc caiibratc{l  with a
mcasurcmcn( of two cd ibration targets cad ai a [ii ffcrcn{  tcmpmit  ure., 1;,,,, and 7~,,,,,,.  The output
vo](agc  associ  ald wit h cdl of these. l~lc:lsllrc.l)~  el~ts,  V,,(,, an(i v,<,,,,, call t}lcn bc Used to Gllclllatc  c
[2]

Simii:ir]y, the rcccfivcr  noise power, V,), can alsO bc calcu]atc(i,

(1 o)

Vo:l (~ (Vho, + Vcold)

‘1 ‘nrgcts  cm bc bui it from microwave absorbc.rs.

usc(i for onc calibration point. Absmbcrs  placcct

-: o;., )+ Teo,d) . (11)

Mcasmcmcn(s  at anlbjcJll  tcJllpcJIJt  llJ’CS arc uslla]] y

ill ] iq Lli Ci J1 i(rogcn  (77 K) arc allot hcl” popLlhN’ chojce.
fol” a SCCCMl(l  c:l] i brat ioJl ]K)j  Jlt, ~OJISfJ’llC[iOJl Of tW’gCtS  for high accllracy  :lp])]iC:ltioJIS  iS a bit of all

ml ami  is (iiscusscci  iJ) {ictaii iJl J’cfcl’c.ncc [ 6 ] .

3 ‘k gai H cm also bc calilwatcd  wjth  cJJlc or Jnorc Jlojsc  (liodcs.  111.jccl  i ng Jloi se inlo lhc antenna

signal  jmth is an incxpcnsivc  Jm3hod for Jnonitoring  radiometer gain :ITIC1 re.ccivcr  I]oisc.  Ily usiJlg

two diodes coLiplcd  with diffc.rent strcng(hs a rcd t iJnc cd ibJ”:lt ioJl  is possible. Olllc.r tc.chJliqucs  for
cd] ibJ”at ioJl iJlc]lldc  “lippillp,”  tile I“aCiioJmtcJ’ CkV:ltiOll  ang]c  to usc the atJnospbcl”c  as a calibration
target an(i using  internal hot anti cold loads [4].

AntcJm:ts  foJ”  J’a(iiomd  ry ckJ Jlot  JIccci  high Cfficicncy;  however t hcy rcqukc  low side.lobes an(i
spi i lovcrc ‘1’hc ncc{i  for rc(iuciJ)g  sidclobcs  at)(i spiiiovcJ  i s  b e s t  iliustratc(i  w i t h  a n  cxamp]c.

{kmsi(im  a  sidclobc  that  cmtributc.s  1 % to the. Iota]  mccivd cnmgy: when d il’cct(xl  tow:{ld tllc
grOLIJ)(i(7;,V  - 30(]  K) ii wii{  intm(iuc.c.  an error  c(]M]  to ] % of 7;,I or 3 K. Si(iclobcs at](i spi 1 lover fire
Llsually  s}lccificd not to cxcccd 30 to 4(1 d]]. ‘1’0 minimize si(iclobes  an(i cli JniJlatc spiiloveJ,

J“:l(ii  OJllCt  CJ”S tCJl(l  t(l bC (iCSi~llC(i Wjth  COJTll&l[C(i  ]1OI”I)  :lI)tCJlll:lS.

11)  a(i(iitioJl  to the radiOJnctcr  I<lJ e lectronics  there  are  a vwicty of :Il)l)lic;ltioll-sl) ccific  (icsi~n

issues such as nntc.nn:i  bc.aJnwiclth  and pointing
JKdS,  pOWCJ’  lC(]UilCJllClltS,  COJll  JlllHli  CdiOJIS,
illstl”lmlcJlt  COI1(J” O], all(i (iata acqllisjtion,  A n
CX:III1)I]C  Of [l ~CJICld lJLl~IX)SC  W:ltC1  V:t]lOJ’
radiolnctcJ  i s  t}m J])l. .i - series radiometer
which is showJl  in figure 3 [7]. 1[ was
dcvc] opcd to bc compact, por[ab]c  wjt  h sclf-

(ii:lgnos(ic  capability. I t  Scllscs  Watcl  vapor

nn(i clou(i liqui(i  at 20.7, 22.2, an(i 31.4 GIIY,.
‘1’llc  aIl(cnna  al]d 1<17 c.icctmnics  arc lIoLlscd  i n

tk tO]) bOX :ll)(i  ]>OWCJ’  SUP])]  iCS d illStJ”llJllCJ)t

c o n t r o l l e r  arc. I)OHSCC1  in thcr bottom. ‘1’IIC

antenna  is Jnoun(cci  horj70Jltdly  and is pc)intc(i
:It :145” JDiI’l”OJ’.  ‘] ’]liS llliJTO~  C:ill bC. J“Ot:itC.(i  tO

v a r y  ti}c alltcnlla  cicvatioJl  all~lc  and tim Who]c

top uJlit swivcis  to vary a7, imuth pointing. ‘1’his

l~igllrc!  3. 7 YIP 11’1.  J - s e r i e s  water vqmr
mlimc(cr. Ref /7j.



miiomct w INN bccJl a wm’kborsc foJ’ J]>]. pmvicli  ng grouncl-based vcrjfica[ion  of sate] 1 it c radiomdm
pcrfomancc, co]]cctillg  Ka-band  p r o p a g a t i o n  s t a t i s t i c s  for modc]iag  carIh-10-spzIcc

t clc.coll~l)l(lf~ic:it  ion links, clct crmining  water vapor-j  Dducccl  al mosphcrjc  pIOp+YIt  ion dc] ays,
pcrfoming  basic research in atmospheric dynamics, ad participating in c]imatc mcasurcmcn(
campaigns.

A ncw gcncrat  i on of mliomclcrs  is being dcvclopcd  using monolithic and hybrid n~icrowavc
i t](cgrat cd circuil (MM 1[; and M 1~) tcchno]og,y.  An initial l~roof-(~f-col~ccl>t  hybrid M [C: ra(iiomctm
c.hanncl  was (icvclopcd  at .lP]. in 1992 scc figure 4 [8, 9]. Since that time, sc.vc.ral  satellite
i nst rumcn[ programs have. startd  dcvclopmcn[  of M 1(: and MM I(: radimnctcrs.  ‘1’hcsc radiomc.tc,rs
wit] bc usc.ci to make as(rophysica]  mc.asurc.mcnts, mcasmc atmosplwrjc  waler vapor, and monitor
atmosphcJ”ic tcmpcJ’at  arc. 1 ‘or satellite applications, M 1(: and MMIC~  tcchno]ogy  has bcm sclcctcct
10 achicvc  significant si7,c, wcjght,  and powcI reductions.

Wc bc.]icvc signitlcant  cost nxluc(ions  can
bc ac.hic.vcd  t h r o u g h app] i cat ion- spcci’fic
design and USC, of M M 1~. and M 1~. t cchno]og  y.
[;0s1 drivers for raciiomckr design incldc
antcmna  bcamwid(h,  number of’ n~casurcmc.nt
frcqwmcics,  :intcnna pointing capability, sire,
power I’cquil’clncn(s,  and lhcJ”ma] cent roJ. ]~ y

pc]forll)ing  a lhorougb  review of a radiomc[cr
applica[ioJl,  only rcqujrcct f e a tu r e s  will bc
im]udcd  in the dcsig,n. l~or cxamp]c, i[ may bc
dccidcd  that only zenith pointing is ncccssary
for wcathcI”  obscrvalioJls.  ‘1’hat ctcsigJl  ciccisioJl
will climiaatc tbc. cost of miuors  and moto13
JKXXkXi to StCC~ tbC J’a(tiolllctcl”  pOiJltil)g  angle.
A(iditioJlally, wl)cJ~ radiometer production incrcascs  from the curJ”cnl  rate of several uJjits pcr year
to dom]s pcr yc.ar tbcn tbc.rc will bc a benefit to implement the c.lc.dronics using M1~ tcchno]ogy.
l~cing able to etch a radimmtcr  on an inlc.gratc(l  circuit wjl] rcd ucc the labor COSIS assocjatcd  wj(h
assc.mbling the l<l; scdion. AdditioJdl  y, lhc smaller sim and lower power rcquircmcnts  wjll rcducc
[hC C:lpaCit  y Of ]IOWCJ”  Sll])@iCS,  CJIC]OSll~C.  Si7,C,  tCJN]Mlt  llrC  COl)t  1’0] ]C~ J>OWCJ’ COIISUJll])t  iOll,  CtC. ] i:tCh

of t]lC.SC  l’C(illCti  OJIS  Wj]l fill’[hCl’ dJ”i VC Ck)Wll  C. OSt S.

I)(YI’J iNrl’lAl . ~OMMl R(:lAI . Al)])] .l~A’J’lON OIJ RAl]loMl~l’I{l<S

AiI_l’oltulif>n  lJorcc@ing

in Wban areas, tcmpcraturc  iJlvcrsions can trap auto emissions and industrial  pollution near the
ground  creating significant health hazards [ 1()]. ‘1’i mc] y ancl accurate J)rc.(iict  ioJl  of Weather

conditions conducive to high pollution levels have. ccoJlomic  value. ~k)l” CX:tJllJ)]C,  fO1’CC:lStS  Gill bC
used to rcgu]atc (Iisc.hargc.s from large cmissim sources. Several cit  ics rccluj rc power comp:in ics 10
switch to clc:(llcr-llllrl]illg fuels duriJ]g  pcriocls  when strong inversions arc p]’cscJ]t. Since c]cancr
fuc]s arc n]orc cxpcnsivc  than the heavier, hi@ulfm  fuels, savings could bc rcalizcct froJll
i mprovi Ilg forecast accuracy. 1 mpmvcd air quality can also bc. ac.hic.vcd  in cit ics that have autborit  y



10 impose wcmd-bwmi ng (fi rep] am) bans. 1 n addition, pdict  ions allow almls (0 bc i ssmd to groups
that am Inosl scnsilivc  to air pollution such as young, childm,  aslhm:ilics,  and the. clclcr]y.

Curml[]  y, local pollution forccas[s arc dcvclopcd  from gene.ral weather scrvicc  predictions
supp]cmcntc(i  with local laullchcs of radiosondcs  (balloons itlstnmcntcd  with mctcomlogical
scmsors).  1 ‘omcasls  aI’c restricted by the limitd  spatial and temporal msolu[ion  of these available
dala sources. A micmwavc  tcmpcratm’c pl’ofilcl’  wdd cllhancc  existing obsclvalicm  systems since
t hc.y can dctc.mine. tbc at mosphcyic  tcmpcmt  um pmfilc as frcq ucnt 1 y as scwml t i mm pcr mi nu(c.
“1’hcy can opcmtc  ziutonomous] y and can bc acccsscd  vi:i tc.lcphonc 0] radio  link as rcquirc(i, ‘J’his
t cdmology  could  significant 1 y i mpmvc. the. tcmpmil  and spatial mol ulim of cmcnt bal Ioon-bmcd
monitmil]g  systems. ‘]’hC Cll~J’Cllt  COSt Of CXpCJld:d)]CS  SLICh  :iS JdiOSOJldCS  WOLl]d  lllakC  a ]OW CC)St

lCJllpCJMt[l  JC profiler a(tlaCliVC.  At CllJTCllt  S]XJKliJlg ]CVC]S, S:lVillgS JC2diZC(~  over SCVCl”a]  years COd(]

be used to sc.t  up a profiler nctwml  allowing gmmcl-]cvcl  weather cbangcs  to bc t mckcd.

It is wor[h mcmtioning that for this :ipplimtion  there arc several advantages of radiomctric
tcmpcJ’at  Urc pJ”ofi ]crs OVCI’  a COJll])CtiliVC  tcmpcmt  ul’c pJ’ofi]cl”  tcchno]ogy,  l“adio-accmst  ic sounding
[ 1 1]. IVofiling mliomctcrs  can bc coJnpact,  m]iab]e,  low powcJ’, and inexpensive to operate.
Add it imally,  since diomctcw do not transmit  acmst ic o~ radio mm-g y, tbc.y arc “good neighbors”
and can bc dcp]oycd  in UJIXIJI cnvimJlmcnts. Al(bough  cliometric profilers do not pmvidc.  (he.
a]ti[udc. resolution of a RASS, tbc :ifol’cJl~cJltic)[lcd  adwmtagcs  still make thcm dc.sirab]c for this
application.

<:ummt]y the N:itional  WcaIbc.I Scrvicc (NWS) has undcrlakcn  a massive program  to update
and modcmi  m ils clat a systems ad forecast  scJ.vices. Rcsou J’ccs arc bci ng carIIlarkcd  to deploy 116
N 1 M RA1 ) wc.atlm radars, 1 aunt.h addit ioJ~al GOl +3 sat cl] itcs,  upgdc computer had ware, i mp”ovc
forecast modc]s, and cnbancc  surface weather monitoring. As the. spatial resolution of wcatbcr
forecasting models incrcasc., there has been a growing intucst  in low-cost, autonomous sensors
w]] ich i mprovc spat i al covcragc, 1 .ow-cost  radiomctcm  could bc a cffcclivc  a(ljuJlct to the existing
SCJ)SO1”  COIN]> ]CJIEJlt  .

Cloud sensing is an application wbcrc r:idiomctcrs  coLIld clear] y cnhancc  exist ins aIKl p]anncd

C]ilN:ltC  and wcathcJ’  obSCl”Vil)g  nctwoJ”ks.  As S(atcd  car] icJ’, ra(]iomctrjc  scJlsing  of C] OLK]S is the only

tcchniquc  capab]c  of dctcumining  lk total liquid content of clouds. ‘1’hcrcfom, mliomctcrs  :iI”c ab]c
to moJ~itor t hc. tot al at mosphc.ric  water bdcn (liquid ad vapor) in ICal t i mc. II sc.cms i n~ Hit ivc. that
a lad i omclric  nc.t work t bat maps ovcrhc.acl  watcx bwdcn would  impwvc.  wcat Im forecasts.

Watm’ vapor J’adionlctcJ”s  codd cnhancc  the NJiXRAl) radar product.  As statccl car]icr, radw’
Cchocs  :11’c lmttcr  Coil’elated with size atl(l  Sh:lJ3C of C]Olld dmplcts than with their liquid COJltC/Jlt.
(;onc.umcnt  W VI< mcasurcmcnts  can bc usc.d to rc.1 ate. licluicl content of clouds  to the radar mt urns,
‘1’hc NOAA Wave Propagation 1.abomtory has conducted preliminary stuclics  showing valm  in
ml iomctcr suppcw[ foJ radar Jncasummcnts  [ 1 2].

1 ‘inall  y, it should  be. note.tl that weather forecasting OJI the west coast of the llnitcc]  States
SLI ffc]x from the lack of dat a availab]c  over the ocean. Radiomctc,r tc.chnology  is also WC1l suit cd for



dcploynmt  m ocean buoys. Scvml  years ago, JPI. dcvclopcd  a combined  M’l’l}/WVR  data l)LIoy

for NOAA. AlthoL]gh NOAA continues to support mliomctcr  dcvc]opmcn{  and (iclll[)l~str:itiolls,
NWS has no[ incmrporatcd  mliomclcrs  into tlmir systcm upgrade partially  duc to tbcir high CM.

Aircmft icing poses a serious winter }uvml at many U.S. airpmls [3]. in freezing conditioJls,
c1 ouds can form with apprcciab]c  amounts of supcxum]cd  1 iquid wat u. Aimmf[ t ravcmillg  these
clouds :Iccumulatc icc as liqllid fmczcs to the wings ad fuselage “1’his  aclcis wcigbt  an[i inucascs
drag. ‘1’his hamd is most :iculc  during  dcsccnt  prior to landing duc 10 the airframe’s sub-freezing
tcmpcmturc. lkw[unatc]y, commercial jets arc ccluippcd wi(h anti-icing systems such as wing
lm:ltcl’s. 1 ]owcvcr,  light and IIlc)(lcr;itc-size.(1 aircraft arc LISLIall  y unprcprcd  to deal wit h scvcrc
wintm icing. ‘1’hc.sc aircraft would  benefit from a grouncl-based airporl surveillance systcm tbdt can
dct ccl t hc prcscncc of supcrcmlcd  c]oud  1 iqui(i. Air t t’affic cent m] icrs who have been alcrtc(i 10
icing ha~mis  can then appmpriatc.iy  acivisc ami ]cmutc vulncmb]c  aircraft.

l~AA-sponsorc(i  studies conciuclcci  by the NOAA Wave Propag:ttion  1.aboratory cicnmns(ra(c
that pnssivc.  microwave rcmdc  sensing lcchniqucs in cmlj  unct ion with cci lomctcrs or wcat hcr radars
can identify winter icing hazards  [3]. ‘1’hc grom(i-basc(i  micmwavc m~iiomctcrs arc sensitive to
clomi ]iquici while being insensitive to ice. (I;dow 40 (i] Iz,, liqui~i watcL’ miiatcs  mm’c than two
or(ic] of magnitmic  mmc energy pcr unit mass tim icc [ 1 3]. ) Once liqui(i  is cictcctcci,  its Icnq>cralurc

IllLISt i)c asscssc(i. Gmbining  tllc tClll])CHltL1l’C  pl’dilc with a cci]omctcr  or l’a(iw’  IIIC:ISLIICI)lC1)(  of
C]OU[i hc.ight fumishcs all estimate of C] OLl(i tClll])Cl:itUl”C. When c]ou(i  liqui(i is pcscnt  in sNl>-

frcc~ing  c]oLKis tin a]cIl can bc issuc(i to air t raffic cent ml, ‘1’hc N(IAA gI’oLip patlicip:ttui  in a multi-
yca~ icing  clctcction  clc]llo]lstl;itio]l  project, Winter ]cing an(i StorIn  l’rogram  (WISI’) at l)cnvcr’s
Staplclon :tirpor(  that Clcar]y cs[:tb]ishc(i  the V:iiLIC  of miiomctrjc  lllC:lSLllClllCI)tS for icing Ilazar(i
forccastins  [ 14].

Rcccnt  mcasulcmcllts of itlC1’CaSCS  i I) the Conccnlrati(m  of gl”CCJlhOUSC  ,gLscs such m carbon
dioxi(ic  an[i methane has spmkc(i conccm  Ihat wc arc changing our climate. 1]1 the [icbalc over
anthropogcmic climafc change, the accuracy  of c]imatc prcciictions has come un(icr scrutiny. “I”bcrc
am significant nmicl  unccr(aintic,s  associatc,(i  wi(ll the, effects of water v:qm  :mi clm](is on c.limalc.
Walm vapor, the catlh’s principai  grccnhousc  g:ts,  Icpcscnts  a significant SOLMCC  of mo(ic]ing  crew.
~lou(is  can cool Ihc cw(h by reflecting solat miiation back lowmis  space or can wam the cwlb by
miucing  SLII’f21CC  heat (1 R) raciiatc(i  to Sp:lcci ‘1’hc Iota] miiativc  effects of atmospheric water
(ic]xm(is  on  its allilmtc, phase (vapor, ]iquici, or ice), atld  conccntmtion.

Given tbc policy implications of global warning, several nationai  anti intcmationai  programs
:ilc chatgc(i with improving  lbc. miiabili[y  of climate modc]s. “1’hc  l)cpmlmcn[  of l;llcl”gy’s
Atmospbcric Ra(iiation  Mcasul’cmcnt  (ARh4) prc~grm] is an example of a pmgmm taskc(i witi~
va]i[iating  ami improving  the pcrfomancc  of global climate mocicls  [ 15]. ARM’s char[cr is to
i mprovc,  t hc pcrfom:incc. of general circu]at  ion m(i rcl atc(i  at mosphcric  modcf]s as t 001s for
prcxiicting  globai ami regional change. ARM ]’cccnt]y began to instmmcnt a c]oLlci and ra(iiation
tcs[bc.d  (( UAR’I’) in Oklahoma to provj(ic (iata  on the 1 i:ir[h’s miiation bdancc  spanning 90,()(X) km2,



roughly the size d a clim(c mode] ccl],  ‘J’hcy have plans to cvmtually  jns(mmcnl  five IIKWC sjtcs

jn regions wifh divmc climatic chamclcris(ics. ‘1’hc oklahoma  {;AI<”l’ si(c js jnstmmcntd  with a
varjcty of mmotc scnsjng  il]s[].lllllcllt:itic)l~  jncluding  RASS tcmpcmturc  pmfilcrs, a 1.II)AR, wind
radars, a W VI<, a w}m]c sky j magcr,  ccj Iomcftcrs,  CIC. ‘1’o ]calizc  their goals, ARM rcscarchcn  have
identified C1’iticd  mcasul’cmcnt  needs inc]udill~ mcaslllcmcnt  of hori~mllal  distribution of total-
co]umn cloud lic]uid  and water vapor as WC]] as, cloud l~l:ll>j~illg/jl~l:lgillg  capability. Al<h4 js also
intmcstc.d  in airbomc  and  gK)Llmt  based tc.mpcraturc  pmfilcs.  thmc.  of the.sc. mcds can bc met with

radiometers, however their usc has bccm ]imitcd by cost.

‘1’hc Global 1 hmgy ad Water C:yclc  lixpc]imcnl  (G] lW1 ~X) is an cxamp]c  of intcmaticmal cffml
to impmvc the understanding of the catlh’s energy fluxes and hydmlogica]  cycle. A significant
objcctivc  of this program is to understand the impact of atmosphc.ric  water m weather ancl climate
[ 1 6]. ‘1’hc C;olltitlcl)t:il-Scale lntcmaticma]  }Vojcct  (G(31])  is the focus of (I1c G] iWJiX buildup phase
which is funded through NOAA, 1)011, and NASA. [ 16], The goal of GC3P is to observe ancl model
hydm]ogica] pmccsscs in the Mississippi }<ivcI’ basin, ‘l’his cxpcrimcni  will take aclvant:~gc  of a
dc.nsc network of cxistjng  and p]annccl  atmmphcric sensing systems. As jn the case of ARM, the
usc of diomctcrs has again been ]imitc(i  by cm,

1 ‘inall  y, diomctric  sensing could Icmcd y inadcquacjcs  with surface cloud obscrvatjons.
1 ;xisting rccmls  of cloud cover atc mrcliab]c bccausc of thcjr subjcclivc  nat urc ancl ctcpcn(lcncc m
wcathc,r  obsc.rvc,r training. 1 Mablishmcnt  of a 30 m 90 G] lx. stanclml  data t ypc for C1OMI ljclujci
wou](i go a long  way toward gcncratjng  a clcmd IccoI.d that cou](i document climate change,

CX)NC1  .l_JSIC)NS

‘1’here is potcnlial  for widespread application of waler vapor  diomctcrs  and micmwavc
lcmpcmtmc pmfilm to moni(or  lhc atmosphere. Applications (iiscossd  in this papm inc]uclcs
weather prediction, climate monitoring, pollution fmccasting, ad aircraft icing dc.tcc.tim. ‘J’his
matkct call  bc stimu]:itcd  by a rc(iuction  in the cost of mdiomctcm. It is bclicvcd  that significant
prim rcduct ions can bc achicvcd  through mass production, app]icat ion-specific clcsjgns,  and LISC of

N41(: and MM](: tcclmology,

AI JIJI’1’JC)NA1  . INl ORMArl’lON

‘1’hcw is a vast technical ljtcmturc  cm all aspcc(s of Iadiomclry  jncluding  radiomctc.r  design,
rctric,vals,  an(i applications. Goo(i starting pojnts  arc two gcncml  rcfcrcnccs  on miiomctry:
A l)~la~j~hct-ic  re}nole  ,wn,vi~lg  by micm)vaw rdimle/ry 13] which is [i co] Icct ion of review :itl iclcs
writ [c.n by t hc cxpcrls in the fic.ld,  and A4icro}wivc IWHOIC scn,!iil~, ({cliw (iHd ]Ms.viw [ 1 3] which js
a three volume text discussing all aspcds  of microwave remote sensing. Also, having  dcvclopcd
satcl]itc,  airbomc, aIId grcmnd-basc(l  radiometers for a variety of ICIIIOtC sensing ap]-dications,  J]>l.
can bc usc,(i  as a rcsourcc  for fmlhcv information on miiomctry. IJinally,  both NASA ami JP1. have
a slmng cx)lllmitmcnt to technology tmnsfcl ancl woLllcl  bc potentially intcw.stc,d in tc.aming with
companies jntcrcstcd  in collll)lcrci:iliz.iil~  mdiomctc]s.
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